


f 


. ——S 


j! S nN 
iby 4 ‘ ts Me , 









Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1973 


A correlation polarimeter for deep space tracking. 


Zimmermann, Wolff-Rudiger. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/16540 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
_ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | et Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
TT \ KNOX appointed -- and published — scholarly author. 
http://www.nps.edu/library 






LIBRARY 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


A CORRELATION POLARIMETER 
FOR DEEP SPACE TRACKING 


Wolff-Rudiger Zimmermann 





Library 
Naval P 
monterey, 


ostgraduate School 
California 93940 






















““¥ ot NY 
Stk Lat Pom 
ye (<4 RN 
4) \ | j e i, 
TRAWLZ o 
= \F e4 S " 






a 
a na 





THESIS 


LER SP LE AT ET CNPC OLE ET MIE EET NE TIE, CE TNT AES OL PR, 


Ce aa ad savin 


A CORRELATION POLARIMETER 
POR DEEP SPACE TRACKING 


iy 


Wolff-Rudiger Zimmermann 





Mhesis AGvisor: Jee, Ohlsen 


T156415 





September 1973 


Approved for public release; distribution untimcted. 





PeCOorrelation Polarimeter 


for Deep Space Tracking 
by 


Wolff—Rudiger ,Zimmermann 
Kapitanleutnant (Lieutenant Commander), Federal German Navy 
iMaomeeavalwrosv~oeraduave school, 1973 


DUC GeO le parvial fulliliment of the 
requirements for the degree of 


ELECTRICAL ENGINEER 


from the 


NAVAL POSTGRADUATE SCHOOL 
September 1973 





Library 
Naval Postgraduate Scnoor 
Monterey, Califc ) 


ABSTRACT 


The tracking polarimeter implemented on the 64-meter 
National Aeronautics and Space Administration/Jet Propulsion 
Gabdoratory (NASA/JPL) parabolic antenna at Goldstone, Califor- 
nia uses a pair of waveguide quarter-wave plates to allow 
synthesis of a rotating cross-polarized linear feed system, 
and a phase-locked-loop (PLL) to coherently determine an 
error signal from the signal component in the error channel. 
Miss error signal drives the feed system until the error 
ers 1S orthogonal to the signal axis. 

Because the PLL has the normal "loss of lock' problem at 
low signal-to-noise ratios a correlation polarimeter has 
been developed. The PLL is replaced by a multiplier as 
mcorrelavor. The correlation between the signal components 
in the reference and error channels accomplishes a detection 
of the error signal because both have same phase, since 
baey are just different projections of the same signal 
vector. 

The analysis, the investigation of the theory by means 
of a working model, the development of the actual correlation 


polarimeter and the test series performed are described. 
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Pe RO DUCTION 


In many applications, it is desired to measure the plane 
SieoOlarization of a linearly polarized signal, e.g. Faraday 
FOvatclLon in the terrestrial ionosphere or in the corona of 
the sun. 

Present schemes for measuring the polarization plane 
Of a narrowband linearly polarized signal are optimum for 
high signal-to-noise ratio (SNR) but are not optimum and 
usually do not work at all when the SNR is small. A system 
for which the SNR must be moderately high to be optimum is 
Siew in Fig. 1. This is called a coherent polarimeter and 
mee 1S very Similar os amplitude comparison monopulse angle 
tracking [1]. The key feature of this system is the use of 
a rotatable feed system which may be electronically synthe- 
sized or purely mechanical. It may 

- mechanically rotate a cross-polarized feed [2,3] 
- synthesize a cross-polarized feed by phase 
comparison in the receiver at IF [2,3] 
- use a rotatable quarter-wave plate waveguide 
section behind a stationary horn [4] 
The latter scheme is the most sensitive and accurate of 
the three. The operation of the coherent polarimeter is 
easy to follow. The reference and error channel signals 
are the projections of the received electric field vector 


upon the reference and error axes. When the reference 
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fers iS perfectly aligned with the linearly polarized 
signal, the reference channel has all the signal power and 
the phase locked loop (PLL) is locked to the signal. The 
fren Channel has no signal component so the motor is driven 
only by the system noise. When the reference channel is 
Peau ly misaligned with the signal axis, the error channel 
has a signal component and by means of the coherent detector 
eemerror Signal proportional to magnitude and sign of the 
angle error is developed which drives the feed system back 
memenac the error axis is orthogonal to the signal axis. 

The performance of this system deteriorates rapidly as 
mies oNR in the PLL approaches unity. The difficulty is due 
mermarily to the inability of the PLL to remain locked at 
Jow SNR, which can result from a weak signal, a high noise 
evaronment or Goppler spreading of the signal. The corre- 
feuton polarimeter which is subject of this thesis eliminates 
the “loss of lock" problem inherent for low SNR. 

Never tumel Fae, 2 is of the form of the classical mono- 
pulse angle tracking radar [1]. In the present application, 
however, a continuous noise-like signal rather than relatively 


clean radar pulses are of concern. 
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Figure 2. CORRELATION POLARIMETER MODEL 
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ive obkolC OrE RATION OF THE CORRELATION POLARIMETER 


itenes been shown by Ohlson [4] that the basic correla-— 
tion polarimeter scheme is optimal when the signal can be 
modeled as a Gaussian random process. Much of this and the 
next chapter is based upon this article. 

A model of the correlation polarimeter is presented in 
Fig. 2, where ee) and H(f) represent all filtering in 
the system. In Fig. 3 the system is shown with some addi- 
tional items such as automatic gain control (AGC), automatic 
frequency control (AFC), and a second multiplier with wide 
meme inputs. A more practical correlation polarimeter is 
presented in Fig. 4. 

limetoeascsumed that the reference and error channel 
signals are developed by use of a rotatable feed system 
such as shown in Fig. 1. The actual method of implementing 
the feed system is of no consequence here. 

The heuristic idea behind the correlation polarimeter 
Mompiat if the PLL cannot do a good job at low SNR, because 
it loses lock Olten, the tunctbion it performs Should be 
done by a suitable substitute. The PLL attempts to make 
a good estimate of the signal phase so that it can coherently 
@epect the signal component in the error channel. If the 
PLL cannot hold lock, then a correlation of the signal 
component in the reference channel r(t) with the signal 


component in the error channel e(t) will also accomplish 
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Figure 3. CORRELATION POLARIMETER MODEL 
(with AGC- and AFC-loop) 
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a detection of the error channel signal because r(t) and 
e(t) must have the same phase, since they are just different 
projections of the same signal vector. 

im the practical system the inner loop is used to detect 
Meemotenal in the error channel which is disturbed by the 
System noise. (This loop is used in the analysis of the 
polarimeter.) In the outer loop with the wide band-pass 
filters (BPF) the SNR is low so the signal power can be 
Meerected in comparison to the noise power. In the loop 
only the linearly polarized noise power will be detected 
which then is subtracted with a proper factor from the 
Seepur of the inner loop, so that only the real signal will 
produce the servo input voltage. If more linearly polarized 
noise iS received by the polarimeter the power levels in 
ev 1O0pS increase and will continue to cancel. 

The function of the AGC (Fig. 5) in the reference channel 
MeevO maintain the signal power output in the reference 
channel constant and thus also the input to the servo system. 
Memse changes in the power level of the received signal will 
Moepearitect the function of the servo system. The detector 
fmt sive the envelope of the filter output. This then is 
differenced with the AGC reference voltage. The difference 
is averaged and amplified in the AGC amplifier and then fed 
back to the IF-amplifiers in both channels to adjust their 
gains properly. 

The AFC loop should stabilize mixer output frequencies 


to the center frequency of the BPF's. It detects frequency 


ei 





x(t) 


BP FILTER 





Figure 5. AGC LOOP 


aie 





@m@enees due to drift in the system by the discriminator. 


Its output DC voltage is a function of the frequency offset. 


@ne voltage polarity depends on the direction of the fre- 


quency offset. This DC voltage is then integrated and com- 


pared with the reference voltage. If there is a difference 


between these two voltages the output frequency of the 


voltage controlled oscillator (VCO) is changed in this way 


SO that the mixer output frequency approaches the center 


frequency of the band-pass filters. At this point the 


Smoecriminator will have zero output voltage, so that the 


imeeeracvor output stays constant. Thus the VCO frequency 


remains unchanged. A block diagram of the AFC is shown 


moerige. 6. 


The programmable local oscillator (PLO) of the first 


mixer stage is needed because there is no automatic tuning 


@ieechne sysctem as in the coherent polarimeter with the PLL. 


With the PLO the frequency change due to 
shift caused by the spacecraft and earth 


nated. The PLO uses doppler predictions 


spacecraft orbit and motion of the earth. 
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Per o.olEM ANALYSIS 


Pee CORRELATOR OUTPUT 

In the following the signal and noise components of the 
correlator output v(t) are derived using the correlation 
polarimeter model as shown in Fig. 2. The received signal 
as seen with the antenna's aperture s(t) is linearly polar- 
ized at an angle 6 with respect to a reference xy-coordinate 
system. One now can define the reference and error channel 
Signals as the projection of the received signal upon the 
Beerdinate axes. 


Thus 


nga) s(t) cosé@ + n(t) (1) 


e(t) s(t) sine + n(t) (2) 


meets assumed to have the auto-correlation function 


ieee) Sees Guam) s(t) | (3) 


where E[-] denotes statistical expectation, and the corres- 


ponding power spectrum is 


CO 


S,(f) = f a) exp (-j2nft) dt . (4) 


a= OO 
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All other autocorrelations and power spectral densities are 
Gefined similarly. 

The noises n_(t) and n,(t) are assumed to be independent, 
white zero-mean Gaussian random processes with double-sided 


power spectral densities: 


Sey) = ay kT /2 Sy) 


ep) 
ref. 
ae) 
i 
1 
Pad 
iH 


Ve (6) 


where k is Boltzmann's constant and Ty and T. are the system 
noise temperatures in the reference and error channels. From 


(5), (6) and (4) their autocorrelation functions are: 


R_ (ct) \ ee Ge) 7) 


n  & 


N 6(t) (8) 


n e 


oe) 
o~ 
a 
~~ 
ll 


All voltages are assumed to be on 1l-ohm impedances so 
@@emunitcs in (5), (6), and (4) are watts/Hz, and also the 


Eyetape signal power is given by 
= 2 
P = Els (t)] = R.(0) (9) 


Now the statistics of v(t) in Fig. 2 will be examined. 


Knowledge of the mean and spectrum of v(t), given @, are 
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errcieny tO Characterize the rms system error, 6, ae Orn 


Hie. 2 it can be seen that 


co 


r,(t) = Jf a ay) Cs) at (10) 
where h(t) is the impulse response corresponding to Bt Oe 
ee. 5 at } Pome hourter transform of h(t). Making a 


similar definition for h(t) to get 


oO 


e, (t) = ‘f h, (t-t)e(t) dt (11) 


a= CO 


Now since 
v(t) = r,(t) e, (t) (2) 


meemusane (1), (2), (10), and (11) the correlator output 


becomes 


Co © 


mee) = f f eee gt *-*2)18( 7, )cos? + n,(t,)I{s(t,) 


sais = OD 


sin@ + n.(t5) J dt, dt, Ces) 
By taking the expectation of v(t), conditioned upon 6, the 
system S-curve S(6) is obtained: 


9 @) Oo 


Sieeeeeee) |e) = cose sine Sf f h,(t-1,)h_(t-t,) 


(14) 
Ro(t,-T) dt, dt, 


27 





Parseval's theorem and the Fourier transform allows (14) 
to be rewritten as 


oo 


S(6@) = cosé@ siné i H(f£)-S_(f) Mie (15) 


== OO 


forere tor brevity 
is 
ee een) H(t) alge) 


It should be noted that the S-curve in (15) was found without 
needing the assumption that s(t), n(t) and n(t) were 
Gaussian random processes. To evaluate system performance 
this assumption, however, will be needed and is invoked at 
Memeo point. Now the autocorrelation function is calculated 


Mey (it), conditional upon 6, using (3) to obtain 


Bott) = Elv(ttt) v(t) [0] = ELr, (ttre, (t+t)r,(t)e, (t) |e]. 


(16) 
Until stated to the contrary, all autocorrelations and 
Ppectra Peaemecwlancroned Upon 9 being held constant. Since 
n,,(t) and n(t) are zero-mean Gaussian random processes, 
r,(t) and e,(t) are also zero-mean and Gaussian because 
Hf) and Bee) are linear operators. Thus one may use the 
identity for the expectation of the product of four Gaussian 


random variables [6] 
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(17) 
Thus 
2 
fer) = R, (t)R, (1) + R CD ea Gey R (-t) 
V Py ey re, rie, re, 
(18) 
The autocorrelations are defined as (3) while 
Pcoeaenin (otc) e,(t)|o] (19) 
leon 
fhe Kourier transform of (18) is 
2 
pmo = 5S (f) @S. (f) + R (O) 6(f) 
V ry ey pe, 
(20) 


Pees 


¥ 
+ S Cha coeS 
at aga) 


ae 


where @® denotes the convolution and (*) denotes complex 
conjugation. 

The second term in (20) is due to the average value of 
mecyeGfound in (19). In particular, 


Re, (0) 7 E“Cv(t) [6] = E“[r,(t)e,(t) [02 = Seon Therefore, 


it is chosen to represent v(t) as 


v(t) = S(@) + n(t) | ce 


eg 





where the spectrum of n(t) is the first and third term of 


(20) 


e 


S$) = oe @ *e, ‘f + Sy 23 


e,(f) BS, (f). (22) 


Bromerig. 2, (1) and (2) it can be shown that 


a 
S_ (2) = |H(f)| [cose s(f) + NI] (a) 
ea larly, 
= 2 
Se, ‘7) = JH Cf) | [sl Say) saad (24) 
foeetind s Smewooserves trom Big. 2 that 
aa 
r,(t) = ye enGea ty) ie Ce ye ale (@kep) 
e, (t) = f cc cP S20) oly Ol) 


=O 


where h(t) and h; (t) are the filter impulse responses which 
are the inverse Fourier transforms of Hf) and H(t). 

From (10), (11), and (19), the crosscorrelation is 
found as 


oO ie 8) 


Re? = a _ h,,(t+t-t, Dh, (t-t, )E{[s(1, )cose + n_,(t, ) J 


[s(t,)sine + n(t,) IJ] e} deo la, (25) 


30 





Since n(t) and n(t) are independent 


a = cos@ siné ae - h (tt+t-t, )h, (t-t,) 
(26) 
R(t, -T,) dt, dt. 
The Fourier transform is 
% 
a Fs Cie = cose sing H(f) H Cf) ety) (27) 


ILy ak 


One now may argue that since the servo loop bandwidth will 
be much smaller than the bandwidth of n(t), over the small 
Servo LOOp bandwidth the noise spectrum is constant, and 


meer Lhe servo bandwidth therefore it is 


s(f) = 8, (0) (28) 


t 


Thus, n(t) is approximated very well as a white Gaussian 


Process with power spectral density 


2 
9) ae 29) 
1 


= © 


Bit) = §,(0) = fF fs, (£8, (2) + 18, 


which becomes 


co 2 
eee NEN fh |H(f)| df + (N cos 


wa CO 


ae + N,sin“@) (30) 


a : 2 2 ~ De 
veer) | S_(f)af + 2 cos°@ sin°o f |H(f)| S.(f)af 


— CO ww OO 


bemusineg (23), (24), and (27). 
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It should be noted that in the analysis and in the 
@eaavavion Of the performance of the correlation polarimeter 
Smey the product of i) and the complex conjugate of H(f), 
defined as H(f) = H(f) H(f), PoeeOrest@enitacance. Thus. 
without losing generality in the mathematics one can easily 
Memeeecie Dand-pass filters in one of the branches, not only 
fre inner loop but also in the outer loop. The latter 
has not been used in the analysis. 

Because both the AGC and the AFC loops need as their 
inputs the reference signal (this should be received only 
if the polarimeter feed system is aligned perfectly) only 
the BPF in the error channel branch could be omitted. That 
means simply that Hf) = H(f) and at C0) = 1, Wi the 
reference and the error channel signals are filtered by 
eect ) and H(f) respectively or if only the reference signal 
frequency is filtered by H(f) the result will be the same 
meewevh cases. 

In practice it is impossible to eliminate the error 
channel filters due to the phase response of filters. Only 
if filters with absolutely constant phase over the entire 
bandwidth were available could the error channel BPF be 
eliminated. The effects of filter phase response are 


Mueebnier Giscussed in Section IIIL.B.2. 


B. SYSTEM PERFORMANCE 


1. General Expression for the RMS~Angle Error due to Noise 


iiommomouc sipnal Of the servo system is given as 
v(t) = S(6) + n(t) (21) 


Be 





where 


S(e) E[r,(t)e,(t) [6] (19) 


cosé siné Ir SG So) df eS) 


an OO 


emo 10r small 6, cos? = 1, sin@é = 6 so that 


co 


S(6) = 6 i UG) = S.(f) df (31) 


The integral is constant for a certain H(f) and a given 
signal power density S,(f); thus 


S(6) = K 6 32) 


Where, in general, K is a function of filter frequency 


response and signal power density 


co 


K = A Jae) 2 SAG) ch G3) 
The servo input now becomes 


vit) = K 06+ n(t) (34) 


where 6 is the difference between the signal polarization 


angle oe and the polarizer angle 8, 
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a (35) 


The system can be modeled as shown in Figure 7. 

im order to find the rms angle error due to the system's 
noise 6. is arbitrarily set equal to zero. In Figure 6 now 
the entry point of n(t) may be moved back to the first 
summing node where its power spectral density is attenuated 
Pyeeone tTactor ee The modified block diagram is shown in 
Figure 8. 


Mime ctransier function of this system is 


i 


Bis) 


_ U 
2 (36) 


1+ eG) 


Mie single sided noise bandwidth of this system (servo loop) 


can be defined as 


co 2 
f ele) dt 
—————— CB), 


For a servo system that tracks with zero position error it 


is required that 


[F(O)| = 1 
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Boevee  f. FOLARITZATION TRACKING LOOP 





Figure 8. POLARIZATION TRACKING LOOP 






n(t)/K 


2 
S (f)/K 


Figure 9. POLARIZATION TRACKING LOOP 
Cmivmegransier function F) 
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Thus the noise bandwidth becomes 


foe) 


2 
We = Sf |R(f)| af’ (38) 
0 


Figure 9 shows the rearranged block diagram of the system. 


The rms angle error due to the noise is 


Q 
I 


ELe“(t)] - E“[e(t)] (39) 


I 


R, (0) = Ry Co) 


but Ry Co) = B[e(t)] = 0 because the input to the linear 
system, n(t), has zero mean. 

The spectral density of the output process is merely 
the product of the input density times the system's response. 
From the block diagram (Fig. 8) it can be seen that the 
Output spectral density is 


2 3 (2) 
eee (2) 5 (40) 


Ke 
The mean-square voltage of the output process @(t) - the 
rms angle error —- can be found as 


o 


fe} = Ry (0) = f S(t) ag (41) 


om OO 


MO 


1 Leo) 
ao if S Cw) dw 


oa © 


co 2 
1 
Zia Pow) | S (Cw) a Cae) 
Te ‘ian n* " 


— © 
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iMmcie system analysis of the correlation polarimeter the 
noise power spectral density is calculated (30), furthermore 
it was shown that n(t) can be approximated as a white 
fmisesilan process. 

Assuming small angle 6 the double-sided density in (30) 
becomes 


co 2 00 2 
eee Ns (Etr)| df +N. fF |H(f)| 8_(f) af 


> a (43) 


The single-sided noise bandwidth of the system's BPF as 


Gefined in (15a) 


oO 


2 
4! IH(f)| af 


— as 


HCE) | 


The maximum filter response occurs at frequency L and is 
assumed to be unity; thus the expression for the noise 


bandwidth reduces to 


W 
n 


co 2 
ier) |, dt (45) 
0 
and the equation (43) becomes 
epee en NOW + NL I (46) 


mimetre for brevity 


Sif 





Cc 


2 
T= eer J S(f) af (47) 


— 0 


eee (40), (41), and (46) the rsm angle error in general 


can be expressed as 


ees. (ft) 
2 Syne 
Oo = Se (48) 
v) Ke 
oN WW 
om Ss 
on = =a 2 N. Wa + TJ) (49) 


meeiase Response of the Filter 
Mies scet1on the effect of the filter phase 


Response On the correlator output, the noise spectral 
density, and the rms angle error are derived. 
eeeeecorrelaror Output 
ipemcorrelabor CUbpuL V(t) is derived in III.B.1 


as 
amen sto) tent) = Eiv(t)] + nt) G2) 


where 


co 


S(@) = cosé@ siné f H(f) s_(f) shi (15) 


a= CO 


ELv(t) J 


Le @) 


8 f H(f) Sekt) Sg (32) 


=O 


rs 
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With Ef{v(t)] and S.(f) to be real h(t), the filter impulse 
response, has to be a real function too. 

imemuourdaer transiorm of a real function has a 
real part that is even and an imaginary part that is odd 
wee the Fourier transform of the real time function h(t) 
is given as 


H(f) = Sf h(t) ed ttt 


a= OO 


dt So) 


This transform may be written as 


Lee) Le 0) 


H(f) = f h(t) cos 2nft dt -j Sf h(t) sin 2nft dt (51) 


Meewreal part of this function is even since 


co 


Re(H(f)] = J h(t) cos 2nft dt = RefH(-f)] (52) 


= CO 


and the imaginary part is odd since 


co 


Im[H(f)] = Doc mesitneetnt ato= — Emil H(—£)}] (53) 


=—_ CO 


Using these facts (31) can be written as 


Le 0) 


E{v(t)] = 6 ff {Re[H(f)] + j Im[H(f)]} Ss af (54) 


am ©O 


Be, 





12) 


peelomrerel His) | S (rf) af 
0 5 


Bivit) | 


oO © 


+ j f Im[H(-f)] S.(f) Geta) imine r) | S,(f)df 
0 0 


© 


peo nelH¢r) | S_(f) af 
0 S 


it 
ws 
@D 


(25); 


(32) 


meso ts the expected real function; only the real part of 


the filter's frequency response is effective in the multi- 


mer output, v(t). 


iMiemconplex filter response is 


mien) = ReflH(f)jJ + j Im[H(f) J 
Lt 
= [(Re(H(f)])* + (Im[H(f)})°J% oF?) 
~ H(t) | 3 96*) 
where 
_ -1 Im{LH(f)] 
g(f) = tan” Fett? 


The frequency response rewritten gives 


H(f) = {H(f)| cos o(f) + j |H(f)| sin ¢$(f) 
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(56) 


Si) 


(58) 


(59) 


(60) 





Bor the phase response of the filter effects the multiplier 
output, v(t), with the cosine of the phase angle. 


oO 


ee tee ye cos g(t) S (a) af + n(t) (61) 


= 00 


ct ) 


K 6 + n(t) (34) 


Thus K is generally defined now as 


0o oO 


K=2 f Re[H(f)]S.(f) df = Sf |H(f)|cos o(f)S.(f) df 
0 


00 

(62) 

Eeeeliowse Power spectral Density and RMS Angle Error 
The noise power spectral density of n(t) is 
given by Equation (43) 
90 2 G0 Za 
Sff) = Ne N, oat PEGE) || setobee ey Ne ~ es) S(f) at. 

(43) 
which only depends upon the magnitude of the band-pass filter 
Mesponse; it is independent of the phase response. 

Pum (10) insconmechion swith (55) and(60) it 
memepe Seen that the phase response of the filter enters 
in the power spectral density of the servo output, S,(f), 
watch is 


2 
S(f) ey 


S_(f) = 72> (40) 


where K is defined in (62). 
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The rms angle error is phase dependent because 
faeiiee «Lt can be expressed using (38) as 
2° Wo S{f) 


eee ae (48) 
Keo 


Se@ostituting for S(t) the rms angle error becomes 


m2 Ww. ON. 00 2 
eta os = «IH(f){ (N, + S_(f)) af (63) 
K roe) 


The real part of the filter response affects the expected 
value of the multiplier output, E[v(t)], and thus the rms 
angle error. 
3. Optimum Filter in the Correlation Polarimeter 

In the following section the optimum filter of the 
Correlation polarimeter is derived. This filter should be 
Optimal in noise rejection, but on the other hand maximum 
Signal power should pass the band-pass filter. Thus a 
realization of the optimum filter would mean a maximization 
of the performance of the system. 

a. Frequency and Phase Response of the Optimum Filter 

The filter response should provide maximum 


servo input voltage 
v(t) = S(@) + n(t) (21) 


That means H(f) should maximize 
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Le @) 


6 fy 10G2)) 5 CD) af 3) 


—O 


SiCé ) 


6 (32) 


iH] 
as 


where K is defined for real time function h(t) as 


fo @) 


(tee cose Gil) S.(f) af (62) 


=— OO 


K 


fis Maximization is done subject to 


© 


2 
N, f eGR) | Geo ee) iat Sa 


w= OO 


Nn 


S(f) 


Which means the constraint is to keep the spectral noise 
power spectral density constant, because the noise is 
assumed to be Gaussian and white over the bandwidth of 
the filter. 


This constraint can be modified to 


00 2 
A= f |H(f)| CL, GD) Ghie (64) 
where A is arbitrary. 

The method of calculus of variation used is 
presented in [6]. Let 


2. @] 


K = f Z(f,H) df ana 


=D 


a8 





A = if Z,(f£,H) af 


= OOD 


form 


and apply the Euler-Lagrange condition. Thus 


Z, = ReLH(f)ISj(f) + a{(Re(H(f)])° + (Im[H(f)])°F(N +8, (1) ] 
(OS), 
where Xi is the Lagrange multiplier. 
One has to set the partial derivatives of Zo 
with respect to the real part and the imaginary part of the 


filter response H(f) equal to zero 


OZ 
ROTATE] = (0 = Sy(f) + 2aReLH(f)] (N,#S{(f)) (66) 


JZ 
SIn(HCEy1 = 0 2rAIm(H(f) J (N tS. (f)) (67) 


SOlving these two simultaneous equations the filter response 


becomes 


- S_(f) 
a (68) 
2A(N_. + S,(f)) 


Im H(f) = 0 (69) 
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Substituting these expressions into (43) X} is found to be 


= SUP) ai i 
\ = i oS ¢ (70) 
ee ero Cr) 


Using this result in (68) the filter response becomes 


er) 
H(f) = 
1 Se(f) 5 
2 ne = 8) 1b) Tn Sf ——— _ df Cie) 
S A 
—00 Ne SP Cy 
1@ S 
Bue the radical is a constant, so 
a: ik 
H(f) = c ——=,—— (72) 
Je 
ih se SCY 
pm@oesince A is arbitrary 
Z i 
H(f) = —— (73) 


1 + ee, 


mm this frequency response of the band-pass filter of the 
correlation polarimeter the frequency dependence is given 
by the power spectral density of the received signal. Be- 
cause the signal is real and its power spectral density 
PmetiOn is a real function of the frequency, the filter 
Pegucncy 1s a real function too. Thus the optimum filter 


has zero-phase response. 


AG 





be) COrmellator Output (Multiplier Output) 
With the optimum filter in the system the 
multiplier output (servo input) becomes 


- S,(f) df 


Ot) ae + n(t) (74) 


-o J] + NS. (f) 


To maximize this voltage, v(t), the filter must have the 
frequency response as derived in (73). This response of 
the filter changes with the power spectral density of the 
Saenel; the shape of the signal spectrum is important. 
Depending on the SNR a filter bandwidth has to be selected. 
But in practice these required changes of the 
filter frequency response for optimum v(t) are not realizable. 
Therefore the optimum filter can only be approximated by 
selecting from a bank of different band-pass filters, the 
filter with the bandwidth large enough to get almost all 
Signal power through but as small as possible to limit the 
noise power. By means Otpomasvecurum analyzer the signal 
Spectrum in front of the filters can be examined in real- 
ime and according to the observed signal bandwidth the 
Proper filter can be selected. 
inMmacd renee bile spectrum analyzer tells how 
well the PLO and the AFC loop are working; the signal should 
always be centered around the center-frequency of the filters. 
The analyzer must have a high frequency resolution to indi- 


cate the slightest change in signal bandwidth. 
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Besides the Faraday rotation, a spectral 
broadening of the signal has been observed in solar occul- 
tations [7]. During the spacecraft's approach of the sun 
the increase in polarization angle and broadening of the 
meecurum of the signal occur together. 

Because of the desire for high resolution with 
the spectrum analyzer it will have a very slow sweep time 
pmeea StOrage oscilloscope or a strip chart recorder must 
be used for display. 

c. Noise Spectral Density 
For the optimum filter the noise power spectral 


density becomes 


co N (S_(f) 3F ie) 


8 (0) a 5 df (75) 
—0O (1 a LT’ 2 

S.(f) 

B. 
Which simplified gives 
o S§_(f) 

S60) = Ne jj 7 aaa can at (76) 

—0O 1 + r 

SLG® 


In Beet ions Cop eend (fo Ne and Ne are the reference 
channel and error channel noise power spectral densities 
meecefined in (5) and (6). 
ad. Rms Angle Error 
The rms angle error of the system is also a 
function of the frequency response of the optimum filter. 


Mei 5), (47), (49), (5), (6), and (73) 


sii 





W.k T o N +S (f) 
e 4 tg S 


of = a if a. oli (77) 

K © Ciw-paiipe. Cf) } 
rs 
Meee, Can be simplified to 
: k qT. Wo 

ng © SSS (78) 
co S,(f) af 
J S_ (f) + N 

—0O Ss 3 


me special Cases 


face rmoeanete error 1S determined now for the special 
case where the filter frequency response is assumed to be 
real and unity. The total signal power is available at the 
meee r OULDULT under the assumption that the filter with 
Miroy Gain over the signal bandwidth is wide enough to let 
Meera l! the received signal power, denoted as Poe 

Mem H(t) = 1 at is 

I= f |H(f)|*S.(f)af = sf H(f)S (f)af = PL = K (79) 

From (49), (63), (5) and (6) the rms angle error for this 


Special case is calculated 


2 k tT. Me 
ete Tr Ny* Fa! 
S 
k ie We k TL Ne 
= (1 + ——— ) (80) 
c le 
S S 
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Meera Overshooting zero tracking servo system in response 
momeeunit step input, the time + (defined as response time) 
memes Lirst crossing of unit output is related to the 


low-pass single-sided noise bandwidth We by 
t W = Q con) 


where Q is a function of the system's damping ratio &[3]. 


The rms angle error becomes 
oo. =-——— F (82) 
where By is the degradation factor of the reference channel 


and is defined as 


k Th Ne 
EF = }] + —— (83) 


As a special case of the servo system let it have the response 


of a first order low-pass filter, so from (36) 


ea) = ~-— = : (84) 


wr P a/jont 


ieeesrating this in the limit from 0 to @ the low-pass 


Single-sided bandwidth is found as 


Wa = - (85) 





(i 
= 
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DetTining the system response time T as 


tT = Il/a e (86) 


Phen the rms noise angle error due to the system noise for 


this very special case is simply 
Se) eee (87) 
By increasing the system response time the rms angle error 


can be decreased. 


C. PERFORMANCE OF COHERENT POLARIMETER 
Beemeombarison, the rms angle error of the coherent 


polarimeter calculated by Ohlson [4] 


2 P 
ee ee Co. “ar e 
oe e Xs saa ol 
¢. = —— mom ee ee eS (88) 
Q a 2a 
Gy 5g! 
k T, 
“TPa ®p ar 
S 


In (87) and (88) we also assumed a first order loop with a 


Single-sided system noise bandwidth of 


Wo = fay Se = (89) 
(Omen 2 ae 
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In the final equations for both polarimeters, (87) and (88) 


= Boltzmann's constant 
—eCrrerecnanne! operating temperature 


= reference channel operating temperature 


[Pon cLme  COMnocane, Of SECrvo system 


n 
le 
S 
q. & I, 
Ep 
fer ig. 10 
SNR of the 


= IF bandwidth for correlation polarimeter 


—IOOpmeenawLauh ot coherent polarimeter at RF 
(i.e. twice lowpass noise bandwidth) 


= signal power 
= Bessel functions of imaginary arguments 


= reference channel degradation factor 


both degradation factors are plotted versus the 


reference channel. 
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IV. WORKING MODEL 


Pewee o.oo EM DESCRIPTION 

The theory of the correlation polarimeter has success- 
Tully been proved with the working model. 

The simplified block diagram of this is shown in Fig. 
ay; the actual test-set-up is shown in Fig. 12-17. The 
working model represents an equivalent of the inner loop of 
memempractical polarimeter. This loop has been used in the 
Mmeerysis of the correlation polarimeter and its performance 
[Section III]. The derived equations and results are there- 
Meroe Valid for the model too. The PLO, AGC loop, and the 
APC loop were omitted. 

A known signal (sine-wave) of 470 MHz was transmitted 
from a \/2-dipole. With two crossed dipoles of \/2, turned 
by a DC-servo-system, the transmitted signal was received 
and the polarization angle of it was measured by means of 
a Gigital shaft angle encoder and a potentiometer on the 
motor Shait. 

The received reference and error channel signals were 
mixed down to the operation frequency of 110 KHz. This 
frequency was picked since most components for the working 
model were already available in this frequency range. With 
Mme Phase shifter in the local oscillator input line to the 
mixer in the error channel phase differences between both 
channels have been balanced out, so that both multiplier 


inputs had equal phase. A trombone-line served as phase shifter. 


oe 
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Figure 12. WORKING MODEL, TEST-SET-UP OF 
Teele TTinG PORTION 
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Mm interconnecting the system components the proper 
impedance matching was taken into account. 

ime eiiects of noise in both channels on the polarization 
angle error were investigated by having a noise generator 
memected in each channel. To determine the noise spectral 
density in the system the rms noise voltages behind the 
BPF's were measured, with no signal present. Because the 
frequency response curves of these filters were known, the 


noise spectral densities could be calculated. 


Pee ltBol SERIES 
1. Testing the Components of the Model 
a. Dipoles 
The dipoles were built from aluminum tubing with 
a diameter of 0.8 cm. Their length required to resonate at 
the frequency of 470 MHz and to provide a radiation resis- 


tance of 502 was determined by the following approximation 


Cea 


| _ 5905 x 2.54 x K 
Plansa ea: length (cm) = — (MHz) (90) 
where K is the factor by which a free-space half wavelength 
must be multiplied to find the resonant length as a function 
of the ratio of free-space half wavelength to conductor 


diameter, known as the “length/diameter ratio." K was taken 


from Fig. 18 for the particular length/diameter ratio. 
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Figure 18. FACTOR K AND RADIATION RESISTANCE 
OF A HALF-WAVE ANTENNA VERSUS 
LENGTH/DIAMETER RATIO, [8]. 
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iiespiysveal Vlenetvhs of the dipoles used in the 
working model were 14.6 cm. 

Behind the single transmitter dipole and the 
meeosea Gipoles of the receiving portion circular plastic 
shields covered with aluminum foil were mounted in a distance 
@mer74 (Fie. 14, 15). They provided the same reflecting 
mmeea ior all dipole positions, i.e. scattering from the 
system components behind the dipoles was prevented. On the 
other hand the performance of the dipoles was increased 
because the wave reflected by the aluminum foil was in phase 
With the transmitted or received one. 

A 470 MHz sine-wave of constant amplitude trans- 
mitted from the transmitting part of the working model 
(signal generator, RF amplifier, and a single A/2 dipole) 

See ceived by the crossed dipole pair. Frequency changes 
to both sides of the nominal 470 MHz frequency resulted, as 
expected, in a decrease of received signal amplitude and at 
the same time the maximum values received by the reference 
and by the error aera dipole (when these dipoles were 
aligned with the transmitting dipole) were no longer equal. 

For various angles of the crossed dipoles with 
mespect to the transmitting dipole the received amplitudes 
in both were measured by means of a vector voltmeter. (Trans- 
mitted signal had frequency of 470 MHz and constant amplitude.) 

The amplitudes changed with the cosine of the 


angle, and both channels had the required angle difference 


oak 





of 90°. The signal amplitudes are plotted versus angle in 
moe. 19. 
DG WR wale hating 

The multiplier was tested using set-up as shown 
meee. CO. OF Interest was the linearity of the multiplier 
operation for different signal levels, especially with one 
meee approaching zero value. On the other hand it was 
important to see that the multiplier output was the expected 
function of the amplitudes of both inputs and the phase 
difference between them. 

Pye Murviplier ouvcput DC-voltage as function of 
meen anplitcudes of the input signals is plotted in Fig. 21 
mmemeee. Hor strong input signals the multiplier functioned 
perfectly linear. With decreasing signal strength the 
multiplication was slightly incorrect, the output voltage 
Curve shows a change in slope. Fig. 23 shows the DC-output 
voltage of the multiplier versus the phase difference between 
the input signals. It varies with the cosine of the phase 
difference. Here’the multiplier output is offset by about 
80 mvolts because inverter #2 was not used in this test for 
Zeroing. 

ec. Amplifiers 

ine two amplifiers used in either channel pro- 
Mided the necessary signal levels at the multiplier inputs. 
In the second amplifiers in both channels the input noise 
got an additional amplification. However, with signal and 


femse Present these amplifiers saturated very easily. 
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Figure 20. MULTIPLIER TEST SET-UP 
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eh akGers 
For both band-pass filters the frequency response 

curves, |H(f)| and lH(f)]° and arg H(f), were determined. 
They are shown in Fig. 24-29. The area under the H(t) |° - 
@ueve is the value of the integral f isey |e ‘Gf whiten is 
needed to determine the noise lie dates: density in 
mone Of the filter from the measured rms noise voltage 
behind it. Becuase the frequency response curves of the 
Brr*s are known, the noise spectral densities in front of 
either filter can be calculated from 


co 


oS ae ne! jH(t) {* af (91) 
Over the narrow band of the BPF's the noise can 
be assumed to be white with the double-sided spectral 
density N.. o, is the measured rms noise voltage behind 
Paes tilters. 
e. Servo-sSystem 

The servo-system used in the working model is 
the standard servo amplifier and DC-amplifier experiment 
Meekape of the school's control laboratory. For block 
mmaeram and transfer function see Fig. 31. 

The DC-amplifier did not give enough amplifica- 
tion to turn the motor with a very weak DC-input voltage. 
So small angles between the reference dipole and the polari- 
@avion plane of the transmitted signal, for which the multi- 


plier output and thus the servo input are close to zero 
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fammes, COUlLd not have been corrected. In order to overcome 
Maeoecitiiculty caused by the friction in the bearings of 
She motor and to get an overshooting system the DC-input 
voltage to the servo system was (1) applied directly to the 
input terminals of the servo-amplifier and (2) integrated 
and fed into the preamplifier of the servo-amplifier (a 
diagram of this amplifier is given in Fig. 30). With this 
scheme the servo motor turned, even with very low DC-voltage 
available, as soon as the integrator output had reached a 
high enough level. Moat fication of the servo system is 
em@enm in Fig. 32. 
Mon Lnitesrator 
Mie iIneecraror coula inverprave positive’ and 
negative voltages. Its input level could be changed by 
means of an potentiometer. The maximum output voltage was 
ae volts. 
gs. Inverters 
The inverters were developed to give the proper 
voltage directions and to provide the abilities to feed 
into the system extra signals for adjustments like the 
Serset cancellation in the multiplier output. 
2. Testing the Working Model 
a. Open Loop Operation 
The working model was assembled and tested in 
mamonoen loop configuration. That means the multiplier 
OUTPUT was not connected to the integrator and the servo- 
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The transmitting dipole radiated the 470 MHz 
Signal. The crossed dipoles were rotated with constant speed 
and the DC output voltage of the multiplier was measured 
Menmand the inverter and recorded on a strip chart. Simul- 
taneously the amplitude of the signal received by the refer- 
ence dipole was measured with the vector-voltmeter and re- 
corded as reference onto the same strip chart. The multiplier 
Output had the sinusoidal shape as given by Equations (15) 
eme@e(2l). (See Fig. 33.) 

The distortion of the curve's shape was caused 
(1) by the tension of the two coaxial cables coming from 
the dipole pair and running to the amplifiers and (2) by 
the imperfect dipole symmetry. 

The signal received by the reference dipole 
was measured by 2 vector voltmeter which only indicated the 
Signals magnitude. A sign change was not recorded. The 
imperfect symmetry of the reference dipole was the reason 
mies the received signal's magnitude did not come close to 
Zero when the dipole was positioned orthogonal to the 
polarization plane of the transmitted signal. 

ieee pueance Of Lhe Hig. 33 is the relative 
Change of the multiplier output voltage with respect to the 
Orientation of the crossed dipoles, here indicated by-the 
Variation of the amplitude of the signal received by the 
reference dipole, the absolute value of signal strength and 
eect iplier output are unimportant for this test. Therefore 


scaling on the ordinate is not done. 
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tec loOsea Loop Operation 

Now the loop was closed. Without any noise fed 
into the channels the response of the system has been 
observed for different signal levels received and for 
Meehous fain settings at the servo-amplifier. The system 
responded as a second order control system. The reference 
dipole of the crossed dipole pair was aligned with the 
transmitting one, and the system's response time was set by 
adjusting the input gain and the tachometer feedback gain 
of the servo-system. Small angular changes of the trans- 
meeeeanes dipoles caused the proper reaction of the receiving 
em . 


3. Methods of Measuring the Polarization Angle and 
Peco rmanavron of the RMS Angle Error 


a. Potentiometer on Motor Shaft 

Pecomstane voltage iS applvea across the poten-— 
tiometer. The wiper moved by the motor shaft provided a 
voltage depending on its relative position with respect to 
tne end-terminals of potentiometer, thus the output voltage 
meona measure of the orientation of motor shaft and crossed 
Mipoles, oe with respect to a reference position. 

In the final test series the potentiometer had 
@a positive voltage on one end-terminal and a negative voltage 
on the other, the potentiometer was mounted on the motor 
shaft so that the wiper was as close as possible in its 
center position with the reference dipole vertical, at 0°. 


Exact adjustment of the potentiometer to read zero volts for 
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Snes Gipole position was done by changing the applied 
feeeeeres Slightly. During the tests the potentiometer output 
voltage was recorded by a strip chart recorder which was 
memeeracved to record the actual angle of the polarizer in 
degrees. From these continuously taken readings the 
standard deviation of the angle due to the system noise 
could be approximately determined by uSing the fact that 
Six standard deviations are measured between the two peak 
values of the recording. 
b. Digital Shaft Angle Encoder 

The polarization angle was read automatically 
Wath the DECITRAK shaft angle encoder and immediately 
analyzed in a calculator. Mean and standard deviation of 
the angle readings were shown on its display and printed 
Pemcs printer (Fig. 34). 


The equations used for these calculations are: 


— mean 
1 n 
M = = §F 6. (92) 
n Te 
i, 
—~ variance 
n 
— IL 2 7 o 
I 92a ee M (93) 


A clock was also available to set the time interval between 
the different readings and calculations. This was not used. 


The HP 9100A calculator was given the number of readings to 
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use for the calculation, the time interval between these was 
the time needed by the calculator to update the intermediate 
meaults. 
4. Performance of the Working Model 
ae lest Description 

The working model was operating in the closed 
loop configuration. Noise of various levels was fed into 
either channel and into both simultaneously. The noise rms 
voltages behind the bandpass filters were measured, and also 
the signal rms voltages in front of these filter with tne 
proper dipole aligned with the transmitting dipole and with- 
out noise were measured. The polarization angle was recorded 
Sige Svrip chart using a potentiometer on the motor shaft 
and also it was automatically measured by the digital shaft 
angle encoder and fed into the HP 9100A, where mean and 
standard deviation of the polarization angle were calculated. 
Using Equation (48) the rms angle error was calculated for 
the measured rms voltages of the Signal and the noise. The 
actually ROGUE SHE angle error then was compared with 
this theoretical eile 

Ic ‘Calculations 
(1) Rms Angie Error of Working Model 
The performance of the correlation polarimeter 

is given by the rms angle error due to the system noise. 
iMieoecction TIL.B it is derived. Because the filters used 
in the working model have a non-zero phase response the rms 


angle error is given by 
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2 Wo S08 
6 aaa aa oo 


2 
aa are) le (ik T,/2 + S_(f))af (94) 


mae transier function of the combined filter is 


H(f) = HL(f) + He(f) (15a) 


5(¢,(£)-6,(f)) 


GO) | ot Cee (95) 


In the test series with the working model a sine-wave was 


received by the crossed dipoles. Thus 


i op a 2 V sin Wo c (96) 


and the signal spectrum aL 
s (rf) =v? [e(e-r,) + 6(f+f,)1 (97) 
Ss 2 0 Q 


where V is the rms signal voltage. 
The input signals of the reference channel 


band-pass filter is 


s(t) = 2 eal (98) 
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with a spectrum 


_ 2 
S(f) = 1/2 Ne [Si ) + 6(f-f,) J 


(99) 


The band-pass filter in the error channel has as input 


s(t) = 2 Ve Sin wo ts 
With a spectrum 


es 2 
S.(f) = 1/2 ve [e(f-f,) + 6(f-f,)] 


In above equations 


and 


where oh and G. are the total gains in the reference 


error channel in front of the band-pass filters, and f 


is the mixer output frequency. 


(100) 


(lors) 


(Mae), 


(103) 


and 


0 


The two channel input noises are affected 


by the two gains too. That means the noise spectral den- 


sities in front of the filters are 
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N= G N (104) 
and 
foe = Go N (105) 


Using these equations, (63) can be written as 


s 2 2 
De: 

kT Wy GG, Sf [8C9)| ELC) es SGa picks 
eT _ (106) 


0 
60 2 
ae ae os Eee ace) cone OCT ison ( £) di 


Which then can be expressed as 


oO 


2 2 > 9 2 
: Sel, J Peco nea) ect Ge Vai (ty | jH(f.. 


2 2 
on ae JH(f,)] [H (f,5)] cos o(fp) ve 


Mmesuitvucting into this equation the definition of the noise 
bandwidth of the band-pass filter (44) and rearranging the 


expression the rms angle error for the working model finally 


is given by 
5 k qT. Wo k ee ue 
or OmmNECNES ates 2 7) ee 
Vv. cos o(f5) Ve 
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where 








co 


c 


2 
f |H,(f)| at 


2 
‘i Pee CE) | ar 


rms 


rms 


rms 


PMS 


on 
a an ae (108) 
2 sf Welelse) ok 
iS 
0 
oy 
er eae (109) 


if FeaGOR af 
0 


1.41 + 10° Hz (from Fig. 25) 


A is 10° Bier icom ie. 2] ) 


noise voltage in reference channel 


noise voltage in error channel 


signal voltage in reference channel 


Signal voltage in error channel 


o,(f)) ~ ster piicsmircmnron hig. 29) 


about 45°, however the signal phases in 


both channels were matched at signal fre- 


quency of LO KHz by the trombone line. 


However even small frequency variations due 


to the drift in the signal generator cause 


relatively large angle changes. 
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With both channels phased up 


a tee kT, Ww 
aaa 5) (107a) 
Vv Vv | 
ee 1 


The rms angle error in degrees is 


Z 
Ty Sea 23 4 
degr rad 


1 (110) 


(2) Servo Bandwidth 

(a) Second-Order Loop. The transfer 
meeo.on of the servo system is of third order (Fig. 32). 
However, from the strip chart recordings it can be seen 
that the system behaved like an underdamped second-order 
System. In the analysis of the measurement it was treated 
oo ouch. 

The single-sided noise bandwidth of 


a second-order system with the transfer function F(s) is [3] 


e0 2 
s |R(f)| ag 
0 


Q 
————————— (ies) 
: |F(f£,) |° Bz 


For an overshooting system (ct < 1) in 
response to an unit step input the time t(defined as response 


time) to first crossing of unit output is related to We by 


O 
ever? ae, 
+ W = S 


: 8 2 Veg 


(ab 2) 


HI 
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iiecune above equations, 


G = damping ratio 
Wy = natural frequency 
Q = system quality factor 


For a second order system we have 


further the following relationships [9]: 
-—- the peak value of the output occurs at time 


t = Pee ee eee | (113) 


0 


Let (114) 


- the ratio of the maximum output value (overshoot) 


and the final output value (steady state value) 


Re 


M = 1+ exp (115) 
pt | V3 " “ 


Mot and Wo an are plotted versus the damping ratio gf in 


Fig. 35 and 36. Using the above relationships the system's 


noise bandwidth becomes 


W Be (116) 
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meet one Cime of the unit output crossing is 


2 
2B oe ee ee (117) 
3) gs : 


The unit step response of a second-order system with a 
@empane factor ¢ is 


Wy €XPp (-t/T) al 
y(t) = 1 - ——————._ siin (wat + tan “Tw 


fel 


q? (able) 


with 


imeecne Camping factor is unity this unit step response 


becomes 
y(t) = 1- exp (- =) ~ = exp (- ©) (119) 


(b) First-Order Loop. For a first-order 


loop the noise bandwidth was determined as 


eee (89) 


where t is the time constant of the system, the time when 
the system's output has reached 63% of its final value. This 
time constant can be found from the output curves of the 


system. 
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Move Gnieetirst—-order system the unit 


meep response is 


alc 


wit) = l=e C2) 


meen response curves are plotted in Fig. 37 with respect to 
the normalized time w, t which is for ¢ = 1 equal to - [tea 
From here it can be seen that the time t/i of the second-order 
meeeem 1S approximately the time of the first zero crossing 
of the unit output for systems with a damping factor 
Meee; ~ 0.5. And this time is about twice the time 
constant t of the first-order system (needed in €quation 
mye (o7)). Thus, as the time constant t in (82), 67), 
meme the time for the unit output crossing of the second- 
Order system, read from the strip chart recordings, was 
taken. 
Cee uese Results 
(1) No Noise in Reference Channel. For both 
system approximations (see Section IV.B.4.b) the theoretical 
ris angle errors are calculated assuming a perfect phase 
macch. These and the measured values are plotted with respect 
momehe factor k T. Wo/ ve in Fig. 38-41. The measured and 
calculated values disagree by a factor of about two which 
is a reasonable agreement. 
iieseMyppacity Of the transmitting dipole 


and of the receiving dipole pair undoubtedly contributed to 
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(Second-order system curves are defined by 


the damping ratio 2). 
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the increase of the rms angle error over theory. With the 
reference dipole perfectly aligned with the transmitting 
dipole there was always a small out-of-phase signal com- 
Bemenc in the error channel. 

Due to the instability of the signal 
mememeavor used as a local oscillator for the two mixers, 
amplitude variations of the multiplier input signals were 
Seserved which, especially at low noise levels, resulted 
[ea significant offset in angle error. Simultaneously, 

a frequency drift caused a phase difference between the 
multiplier input signals. They were adjusted to be equal 
@uecne signal frequency of 110 KHz in front of the multi- 
weer, but a frequency drift of 1 KHZ would result in a 
phase difference of about 10°. Frequency variations between 
108 KHz and 112 KHz were observed. Because of Lis’ OGIO) Coe 
tional to 1/eos<4 an increase in phase difference will cause 
an increase in rms angle error. 

The mixers in the two channels were not 
physically peeved so that their crosstalk at 470 MHz 
Benuributed to the measured rms angle error. 

These three problems, ellipticity of feed 
system, crosstalk between the two channels, and instability 
mamirequency will not exist in an operational correlation 


polarimeter system, and it is expected that it will match 


the theory better. 
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(2) Noise in Reference Channel. The noise in 
the reference channel was only effective in increasing the 
rms angle error when noise was present in the error channel. 


For both system approximations the ratio of of with reference 


0 


Smee! noise and a without it have been calculated and 
have been plotted in Fig. 42a and b versus the degradation 
motor By of the reference channel, which is in theory the 
Meszue of the ratio. The o* values were picked for the same 
values of k T. My Ve . The measured and the theoretical 
results agree closely. 
(3) Comment. An error source in the analysis 

of the measurements might have been the difficulty in reading 
mienmcime values from the strip chart recordings accurately. 
small errors here cause errors in system noise bandwidth 
and i - 

ya Summary the working model proved the 
mmeory CO be correct. It performed as predicted. Even with 
high noise levels in both channels the reference dipole of 
the receiving end became aligned with the transmitting dipole, 
i.e. plane of polarization OF Une vreensmi Loved Signal. I 
followed changes in the orientation of the plane of polari- 
zation like an underdamped second-order system. 

The working model also can be thought of 
as a realization of a "wireless servo system", the reference 


Maput to this is angle information given by the plane of 


polarization of the transmitted signal. The receiving end 
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Figure 42 DEGRADATION FACTOR FOR WORKING MODEL . 
a) FIRST-ORDER APPROXIMATION b) SECOND-ORDER APPROXIMATION 
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: 
is forced by its closed loop response to ee eee ae meele rence 


pole of the crossed dipole pair with the transmitter 
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Peo ORRELATION POLARIMETER FOR THE JPL-DEEP SPACE STATION 


A. SYSTEM DEVELOPMENT 

A correlation polarimeter for the NASA/JPL 64-meter fully 
steerable parabolic dish antenna located in the Mojave 
Desert at Goldstone, California was developed. It was desired 
tO uSe as much as possible of the present coherent polarimeter 
in the new system to minimize costs and to allow easy switch- 
ing between the coherent scheme and the correlation scheme. 

In Fig. 43 and 44 the rotatable feed system and the 
phase-locked-loop receiver of the coherent polarimeter as 
presently used in the JPL Deep Space Station at Goldstone 
are shown. Both are described in detail in Ref. 3. The 
feed system (polarizer) is used by the correlation polarimeter 
Without any changes. Comparing Fig. 45 and 44, one can see 
the changes in the receiver necessary to realize the practi- 
cal correlation polarimeter shown in Fig. 4. The part 
"correlation polarimeter chassis" drawn in detail in Fig. 46 
was integrated in the Goldstone receiver system [11] by 
Proper cable connections alae 

In the development of the correlation polarimeter for 
the Goldstone system five major changes of the scheme of 
the polarimeter as shown in Fig. 4 were necessary: (1) To 
minimize costs for the narrow band-pass filters, a frequency 
range had to be selected where low-priced filters with the 


desired bandwidths were available. As center frequency 250 Hz 
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Figure 46 CORRELATION POLARIMETER CHASSIS 
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See Oocihe Lhe T21ter bandwidths are 5 Hz, 12.5 Hz, 25 Hz, 
50 Hz, and 125 Hz. To prevent noise images which would 
Seent DY mixing the 1lO-MHz IF directly down to 250 Hz, an 
additional mixer stage and an additional band-pass filter 
are included in each channel. The 1]10-MHz IF, with noise 
Bemewlath 2200 Hz, is mixed down to 5 KHz. Then in the BPF 
feeeeec5)O HZ bandwidth at center frequency of 5 KHz the noise 
#5 Dandlimited once more. Then the 5~KHz IF is mixed down 
tO the desired 250 Hz. 

mimorder to have the operation point of the AFC loop 
in the center of the linear part of its response (zero 
output voltage at 260 Hz) the center frequencies of the band 
pass filters had to be adjusted to 260 Hz. This means the 
o> MHz LO had to be offset by 10 Hz. If desired in the 
future to go back to the desired 250 Hz a low-pass filter 
with a cut-off frequency of about 240 Hz is required in the 
Pees Circuit. 

oe for the additional mixer stage a local oscillator 
with an output frequency of 4750 Hz is necessary. A crystal 
Seecallator provides ee stable e2-MHz frequency which then 
Memcividead by means of a digital IC-circuit by 421 to give 
the desired 4750 Hz (Fig. 47). 

(3) To ensure that the signals in both channels undergo 
matched phase shifts across the system bandwidth identical 
band-pass filters are necessary. Only constant phase differ- 
ences between the two channels can be cancelled by the phase 


shifters. 
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(4) In the inner loop the reference input of the multi- 
Paemet 1S hard-limited. This provides a high drive for the 
Mmeiviplier even for a low signal level and thus better per- 
formance because the effect of DC-drift in the multiplier 
MWametmoe is reduced. Also it prevents exceeding the dynamic 
range of the multiplier. However, due to this hard-limiter 
the multiplier now acts as a phase detector. 

It is known that the sun emits little linearly polarized 
noise compared to the unpolarized noise. The polarized 
noise level into the multiplier of the inner loop from the 
reference channel is affected by the spacecraft signal level 
in the per erence channel due to the hard-limiter. However, 
meeone Signal to total noise power ratio is greater than 0 dB 
then the amount of polarized noise (wnich is much smaller 
wee the total noise) must have negligible effect on tracking 
and the outer loop (designed to eliminate the effects of the 
polarized noise) is not needed. When the signal to total 
noise ratio is below 0 dB then, however, the polarized 
noise component could become appreciable compared to the 
signal and a weackainewol sey due to this noise will be 
generated. Now the hard-limiter in the reference channel 
of the inner loop is dominated by the total noise and the 
polarized noise component is "linear" through the hard-limiter. 

Due to the fact that the polarized noise strength is 
much smaller than that of the unpolarized noise a hard- 
limiter in the reference channel of the outer loop is always 


dominated by the latter since in addition the signal component 


er 





meremerligibie effect in the wide band of the outer loop 
(2.2 KHz). And again the polarized noise component can be 
assumed to be “linear" through the hard-limiter as far as 
Sermrelation with the error channel input is concerned. 

aes the reference channel in both loops is hard-limited. 
Herelow signal to total noise ratios the offset in tracking 
due to the polarized noise can be eliminated by subtraction 
Ot the DC-output voltage of the multiplier of the outer 
meepeirom that of the inner loop. Block diagrams for both 
multiplier circuits are shown in Fig. 48 and 49. 

(5) The discriminator of the AFC loop is realized with 
a low-pass filter, a detector, a subtractor, and a DC 
reference voltage. The block diagram is shown in Fig. 50. 
Sree the cut-off frequency of the filter is 250 Hz offsets 
mistme Signal frequency about this point will cause ampli- 
Mee Variations of the filter output and thus will result 
[emartirerent output voltages behind the detector. These 
then are compared against the DC-reference voltage which is 
Bo adjusted to give to provide a zero output for a 260 Hz 


ete frequency. — 


meee So YOTEM DESCRIPTION 
The system operates as described in Section II, with the 


above mentioned changes taken into account. The wide 


Ithis is the new center frequency of the band-pass 
filters. The frequency change was necessary in order to 
have the AFC circuit operate in the linear region of its 
response. 
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Figure 48 MULTIPLIER BOARD OF THE INNER LOOP 
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Figure 49 MULTIPLIER BOARD OF OUTER LOOP 
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band-pass 


Levers lor tie OuLer loop are realized by the 10 


maaetilter amplitiers with their 2.2 KHz bandwidth. 


The front panel of the correlation polarimeter is shown 


Sma the photograph (Fig. 51). From left to right one sees: 


The power switch 

the switches and potentiometers for gain adjustment 
and the selection of amplifier stages in both 
channels 

the potentiometers to set the gains of the outer 
Yoop ainplitier, of the AGC circuit and of the 
servo amplifier 

the control potentiometers for AFC gain and for 
the reference voltage which sets the free running 
frequency in the VCO, the AFC on/off switch and 
mae switch vo reset the iantegrator of the AFC 
panel meter 

the selector switches for the band-pass filters 
in @eumechannels 

the switch to connect different subsystems to the 
meter 

the switch to set the range of the meter 

Themen VOlemlOoreZerolne tne smi tiplier outputs 
in outer and inner loop 

and all the BNC connectors to connect external 


instruments to the subsystems 


The photograph (Fig. 52) allows a view into the chassis: one 


sees the back of the front panel with all the different controls 
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Figure 51 FRONT PANEL OF CORRELATION 
POLARIMETER CHASSIS 





Figure 52 INSIDE VIEW OF CORRELATION 
POLARIMETER CHASSIS 
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See mmaclwith agli circulLt boards (listing from 
temeere right is provided in Appendix C) 

Boome Ne cirecunty Doards in the left hand corner 
bae SYStCem Power supply 

= On the right side the mixers 

[meiemeOanlalecanples which run to TNC connector on 


the back panel 


C. SYSTEM PERFORMANCE 

The system analysis and the derivation of the performance 
ereecune correlation polarimeter described in Section III 
assume perfect multiplication of the reference and error 
Smamnel signals in the correlator. Due to the hard-limiter 
ie the reference channel of the actual correlation polarimeter 
the theoretical rms angle error which is the measure of 
the system's performance has to be modified by the degradation 
maecvor of the hard—-limiter. 

The hard-limiter is discussed in detail by Davenport 
Meso and Viterbi [14]. 

In the correlation polarimeter the output of the band- 
pass filter in the reference channel passes through a hard- 
limiter before it is correlated with the error channel signal 
in the multiplier. In the hard-limiter the SNR of the BPF- 
output is degradated or enhanced depending on the SNR at 
Mme Anput. Ihe output power remains constant, i.e., the 


signal power and the noise power sum up to a constant value 


TAL, 





S + N =e C21) 


Ou Out Ou 
Thus 
cE 
out 
5 = Ci22) 
othe 1 + SNR 
Ole 
meeeas Known that 
SNR Out = wu SNR, (123) 


where wu is the degradation factor, it varies from 2 (+3.01 dB) 
for high SNR, to m/4 (-1.05 dB) for low SNR, ua Ie 

The output signal power becomes 

Sout > out. (124) 
1, See 
U SNR, 

In the multiplier only the fundamental signal component 
of the hard-limiter output, its amplitude is 4/n - times the 
square wave amplitude provided by the hard-limiter, is 
correlated with the signal in the error channel to give the 
DC output voltage. 

The rms angle error for a pure sine-wave as received 
Seenal by the polarizer feed is derived in Section IV.B.4.d. 


it is given with both channels phased up as 


5 k QT, Wo k qT, We 
V V 
e 16 


see 





The hard-limiter in the reference channel degrades the input 
Pee py UW to give its output SNR. Thus the rms angie error 
for the correlation polarimeter with hard-limited reference 


Signal is 


(25) 


me SLGNAL LEVEL CALCULATION 

ime Cesign conditions for which the system should work 
are given as follows: The correlation polarimeter should 
be capable of tracking a -163 dBm signal at a system 
temperature of 1000° K. 

The signal-to-noise ratios for the various bandwidths 


in the system are calculated as: 


TABLE 1 


SIGNAL-TO-NOISE RATIOS IN CORRELATION POLARIMETER SYSTEM 


Bandwidth Bandwidth kTB SNR Voltage SNR 
Hz - dB aBm aB 
2200 33.4 al 3 ee ~ 27.8 0.0407 
250 24.0 - 144.6 ~ 18.4 el y2410 7 
25 lee - 147.6 - 15.4 0.1698 
50 lic. O = Isla - 11.4 peso 
25 14.0 -~ 154.6 - 8.4 0. 38 
mee) IE 9) ~ 157.6 ~ 5.4 OR e ye 
5 fad - 161.6 - 1.4 Veiga 
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Pompeeterence an input Signal to the correlation polarimeter 
chassis of - 26 dBm is taken. This signal level is provided 
by the Goldstone receiver system behind the 10 MHz IF amplifier. 

Further it is assumed that all amplifiers in the corre- 
ieetonm polarimeter will deliver an output of 10 volts peak 
without saturating. That means they will handle noise of 
3.3 volts rms. The resulting signal levels are shown on the 
block diagram of the system (Fig. 53). 

Mmuemay be possible to track a signal of - 163 dBm at 
a system temperature of 1000° K if the filter bandwidth is 
Seemow, 1.6. 5 - 25 Hz, but it is most unlikely that tracking 
Will be possible under these conditions with wide filter 
bandwidths. Therefore the margin at the output of the error 
channel amplifier in front of the multiplier can be relaxed 
Mmmeaeiactor of 2 (6 dB). Thus the error input signal to 
Mee Multiplier can have 1.1 volt rms when the polarizer is 


at 90°. 


E. CALIBRATION OF SERVO INPUT VOLTAGE 

For the coherent polarimeter system the servo input 
feitace required at a feed-system position of 45° is 
3.0 VDC (using AGC). The error signal goes as the tangent 


of the polarizer angle, 6[3]. 


Cana 


Servo input = € =) §3.0 
warner 


dae 
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2200 Hz 
BEE 
at 10 WVHz 


-26 dBm 
9.99499 MHz LO 


Amplifier peak output 10 volt 
SCH) Jobe that means 3.3 VRMS noise 
(without saturation) 

thus for a voltage SNR 

VSNR = 0.0407 


0.134 VRMS Signal a 


variable 


gain 
up to 80 dB 


QO dB gain 


0.134 VRMS Sigal 


Amplifier peak output 10 volt 
which means 3.3 VRMS noise 
(without saturation) 

for Vonk = 0.1202 
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the VSNR = 0.1698 
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Byeetaeror oL1 ¢ Ehus 


variable 
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variable gain 
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Assuming small angles 


e = 3.0 Onad 
Se 

ec = ae ae 
oo 


The variation of the servo voltage with the angular posi- 
io, Of the polarizer about the reference position, 9 = 0°, 
is 

Gee 

: Sader 


=O) 


Sader 


Rounded off, the variation is 50 millivolts per degree. 
Due to the hard~limiter in the reference channel which 
is assumed to be noiseless the error signal in the correlation 


merarimeter system is given as 
—e = K sin 9 


which can be rewritten for small polarizer angles as 


rad 


T 


e = kK 8 — 
deg 180 


To drive the servo motor properly a voltage variation of 


i283 





0.05 volts per degree is desired. This means 


Ge 
: Saeg 180 


which results in a gain constant of K = 2.86. 


Thus the error signal can be expressed as 
ewe= 2500 sin 6 


Now for a polarizer angle of 45° the error signal voltage 
memoe ted to the servo system must be € = 2.02 volts. 

When the reference or the error channel is aligned with 
the polarizer reference position the signals in the BPF 
outputs are to be 0.4 volts rms, then when the polarizer 
fomat 45° the signals will drop to 0.283 volts rms. At 
these levels the final amplifier in the correlation polar- 


imeter chassis must provide a servo voltage of 2.0 volts. 
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Vi. TEST-SERIES WITH THE CORRELATION POLARIMETER 


A. CHECKING CIRCUIT BOARDS AND CHASSIS 
meeeciwnetioOnal Pertlormance of Circuit-Boards 
a. Amplifier-Boards 
Each amplifier stage was checked separately for 
fee red amplification of 20 dB after the output offset was 
meeered bY the 10 K-ohm trim pot for zero input. An offset 
would cause an unsymmetric amplification, i.e. different 
saturation levels for positive and negative inputs. The 
amplifiers are AC-coupled by RC high-pass filters to prevent 
DC flow. 
meeecoca! Oscillator Board 
HtemON boul a reGuency Ot. the local osclilator is 
M750 Hz. The band-pass filter in the output of the LO was 
adjusted to 4750 Hz as center frequency and its gain was set 
Memerve an output signal level of 0.5 volts rms across a 
50 ohm load (the desired +7 dBm for the mixer LO-input) at 
Poth output terminals. 
ec. Band-Pass Filter Boards 
(1) Stagger tuned BPF. For both filters with a 
Benawidth of 250 Hz at a center frequency of 5 KHz the 
frequency response and phase response curves were taken. 
(Figs. 54, 55) Both filters have the same response in 
magnitude and phase. Because the input signal to the system 
has a finite spread in frequency phase matching between both 


eoanmels across the entire bandwidth of the filters is required. 
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(2) Single tuned BPF. The center frequency, wae 
for all filters was adjusted to 260 Hz by means of the 20 K 
trim pots (they are in series with 5 K fixed resistances). 
The frequency response and phase response curves were taken. 

As for the stagger tuned BPF's matching of 
Pies phase response curves in the two channels is desired. 
This matching held true within a few degrees over the filter 
bandwidths. 

Different gains of the filters do not affect 
aiemsysvem Operation because with the 500 ohm trim pots the 
filter input levels can be adjusted so that the filters give 
equal output amplitudes. (Fig. 56) 

deo Multiplier Boards 
The output offset of the amplifiers were nulled 
merezeroO input by means of the 10 K trim pots. Applied 
Signals are AC-coupled by high-pass RC-filters so the multi- 
Plier inputs were multiplied properly. 
e. AGC Board 
The amplifier output offsets were nulled by means 
femede 10 K trim pots for zero inputs. 
For various input signal levels (AC-coupled to 
prevent any DC input) the AGC output voltage was measured 
in front of the final amplifier whose gain can be adjusted 
on the front panel. The.output voltage is plotted versus 


meeeniali strength in Fig. 5/7. 
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f. AFC Board 

The output offsets of the amplifiers were nulled. 
mae integrator was inspected for proper functioning. The 
output offset of the low-pass filter with a cut-off frequency 
Soe Hz was trimmed to zero. 

The AFC output voltage was adjusted to zero volts 
for an input frequency of 260 Hz. Then the DC output voltage 
Seeune APC circuit was measured in front of the integrator 
for various input frequencies and is plotted in Fig. 58. 
Memevnis curve, the signal was applied directly to the AFC 


Semen, > and did not involve any of the preceding BPF's. 


Peenunctionael Performance of the Components 


OMe CNAs Sis 
See xers 
From external signal generators input signals to 
the L- and R-ports of the mixers were applied: 
Mixers 1 - 3 (RELCOM-M6E): 10 MHz signal to R-port 
9.99499 MHz signal to L-port 
Mixers A - B (MCL-SRA6): 5.01 KHz signal to R-port 
4.75 KHz signal to L-port 
Pe amed MeLter 
The different meter ranges (selectable by the 
range switch) were checked by applying different voltage 
levels to a port of the meter input switch. It worked 
Seerectly in all ranges. The diodes in parallel with the 


meter give the desired protection against overdriving it. 
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Com PoOWweresuppaly 
MicuPevwet supply delivers regulated undistorted 
femeeeees Of +15 volts, -15 volts, and +5 volts, and can be 
checked by the panel meter. 


Bee Functional Performance of the Circuit Boards 
mm the Chassis 


Each board was tested separately in the chassis. Its 
Supply voltage was delivered by the system's power supply. 
External signal generators (where necessary) and external 
Meewers and counters were used. 
a. Amplifier Boards 
Gls > kz 2h Amplifiers 
By means of the switches on the front panel 
the different amplifier stages can be selected and also the 
Beam ol the first amplifier stage can be adjusted continuously 
in the range from -~ dB to 20 dB. Up to 80 dB of amplifica- 
mom are provided, since each stage has 20 dB of gain. This 
meme xed for the second thru fourth stage. The amplifiers 
emebe selected in any combination. If they are switched 
famorder the front panel labels on top of each switch 
Mifiiicates Pie uOual Martnum salma used. Tl all switches are 
off (down) the four amplifiers are bypassed and the mixer 
output is fed directly to the BPF (250 Hz bandwidth). 
) 2507200 Hzah Amelia fiers 
These two amplifiers have a gain of 60 GB. 


The input level can be adjusted by a 1 K~ohm trim pot. To 


L538 





imeerer Out a little more of the 5 KHz a capacitor is put 
across the feedback resistor, although the amplifier by 
Meoeli cuts off about 1 KHz. 

b. Band-Pass Filter Boards 

(1) Stagger tuned BPF's (fe = 5 KHz). The two 
BPF's separated from each other worked properly. But on the 
meeard in the chassis there was crosstalk of up to 20 dB in 
Peeem Girection between them. This crosstalk of the 5010 Hz 
eeeenal occured at their outputs. By encasing the filters in 
aluminum foil the effect could be reduced to about -40 dB 
but not completely eliminated. It is either a ground loop 
problem or case-to-case capacitive coupling. A physical 
Separation on two boards would be more helpful. 

(2) Single tubed BPF's (f, = 260 Hz). The mixers 
mea 6b were connected to the BPF selector switches. For the 
mixer output signals of equal amplitude in both channels the 
Outputs of all filters were adjusted to the same level by 
means of the 500 ohm trim pots in the input branches. 

ec. Multiplier Boards 

(1) Inner Loop. The multiplier was calibrated as 
described in Section VI.B. Then a 260 Hz signal from an 
external siganl generator was fed into the BPF inputs (the 
260 Hz IF amplifiers were removed) using the test set up 
shown in Fig. 59. The reference signal was adjusted to 
0.4 volts rms at BPF input and the error signal strength was 


varied by means of the attenuator. The phase shifter in the 
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error channel allowed setting the phases of reference and 
error signal to the same value and its also provided the 
Beesibility of a 180° flip of the error signal for a check. 
Maewmultiplier DC output voltage is plotted versus error 
ene! strength in Fig. 60. 

Then signal and noise were applied to the 
BPF input in the reference channel (amplifier board, board 
#12 was removed) while the 260 Hz signal in the error channel 
meee ot at 1.0 volt rms. The purpose of this error channel 
signal was to allow coherent detection of the reference 
channel effective amplitude out of the hard-limiter. For 
different signal-to-noise ratios in the reference channel the 
ime tciaplier output voltage was measured. The normalized 
feo iplier output voltage then was plotted versus the input 
Peta !—-tCO—noise ratio. This curve shows the suppression 
factor of the hard-limiter in the reference channel with 
respect to the input SNR (Fig 61). 


In Ref. 13 the suppression factor is given as 


u 


u SNR, 


ee 


Tenor smal Lo ohh and 


where uw 


uF 2 for high SNR 


Secomi Si, f24], and [15]). 
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(2) Outer Loop. The outer loop multiplier 
meemwecalibrated as described in Section VI.B. The output 
Signals of the mixers 1 and 3 are AC-coupled to the ampli- 
fiers in both channel inputs. The amplified signal in the 
reference channel is hard-limited and AC-coupled to the 
reference input of the multiplier, the amplified error channel 
Seema: 1s directly fed to the error input of the multiplier 
via a AC-coupling RC filter. By means of the 50 K trim pots 
the input levels in both branches could be adjusted. 

Gi AGC Board 
With a reference channel signal of 0.4 volt rms 
mien inpuc level of the input amolifier of the AGC circuit 
was set to give 1.1 volt rms before the diode — just as in 
the error channel — then the potentiometer "AGC Gain" on the 
front panel was adjusted to provide an AGC output voltage of 
fae VOltS. | 
eeeeAT'C Board 
Frequency changes of the reference signal (input 
to mixer 2) causing changes about the center frequency of 
the band-pass ai ligase resulted in an AFC output voltage. 
This then was fed to the "Search" input of the HP-Synthesizer 
and its output frequency was adjusted automatically such that 
the mixer 2 provided a 5010 Hz output signal. With the ete 
potentiometer (front panel) the VCO frequency was set to 
9994990 Hz for an AFC voltage equal to zero. The proper 
polarity of the AFC output voltage can be selected by means 


of the switch on the board. 


1 





4, Adjustments of the Assembled System 


In order to allow testing of the assembled system 
without worrying about frequency drift the test set up shown 
mere. Sl was used. It provided stable signals and local 
Soerllator frequencies. 

mine pains of the amplifiers throughout the system 
were set according to the signal level calculation. The 0.4 
volt rms at the filter outputs were used during all tests 
Semocandard levels, i.e. the input amplifiers in the error 
and reference channels were adjusted by means of the switches 


metentiometers On thew rons padew, tO five this 
| a. 
voltage Yor any applied signal. 


ans the 
S 


The multipliers were calibrated as described in 
Peeeton VI.B. 

Mime phase shifter in the error channel local oscil- 
lator branch was set to give reference and error signal 
femene multiplier inputs equal phase, i.e. maximum DC output 
voltage of the multiplier. Then the frequency of the 5010 Hz 
generator was varied about this value which resulted in a 
ferracrion of the fourth IF about the 260 Hz, the center 
frequency of tee filters. With a digital phasemeter the 
phase difference between both channels was observed as the 
meeeuwercy varied. It remained for all practical purpose at 
a constant zero phase difference. The phase responses of 
the filters of equal bandwidth differed at center frequency 


mye at most 2°. 
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Be MULTIPLIER ZEROING 

ZO zero the multipliers, the reference and error channels 
Peewee onnecved to the Signal sources, while leaving the 
reference signal high (0.4 volt rms at BPF output) the error 
Signal is attenuated completely. With the potentiometer on 
meemiront panel "REF ZERO: the multiplier output is set to 
zero volts. Then the error signal is applied (0.4 volt rms 
at BPF output) and the multiplier output is made symmetric 
(using an oscilloscope) by means of the potentiometer "ERROR 
ZERO." The phase shifter in the local oscillator branches 
are then adjusted to give the reference and the error signal 
at the multiplier input equal phase, i.e. to maximize the 
multiplier DC output voltage. Then go back and attenuate 
error signal again and do final zeroing with the "REF ZERO". 

With the error signal applied symmetry of multiplier 
Guceuy and its DC voltage can now be checked. Flipping the 
phase shifter by 180° should (and does) give a symmetric DC 
output voltage (same strength but opposite sign). 

The idea in this calibration procedure is that the hard 
limited reference signal will always be present — even if 
Gue only to noise — so zeroing should be done with high 
reference signal level and it should not be set to zero when 


meormoing the multiplier output. 
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TESTS AT THE GOLDSTONE TRACKING STATION (GTS) 


ieee COnmecting Correlation Polarimeter Chassis 


to GTS-Receiver 


Receiver Device 


fees, LO—MHz IF 
amplifier in 
ref. channel 
(linear) 
(5A40u)e2 


wee , LO-MHz IF 
ampl. in angle 
channel 


(5A105) 


fee, 50-MHz IF 
emp and mixer 
(5A N02 ) 


2 , 500-Hz 
band-pass 
ml ter 
(special) 


J 2 , 1LO-MHz 
eieaoribp. ampl 
(5A114) 


J 1 , 1O0-MHz 
msrp. amp] 
nis) 


J 2 , 1O-MHz 
phase shifter 
e510) 


BP 2 , servo 


driven phase sh. 


(5A113) 


al 


disconnected from 


J 1 , 10-MHz phase 
devectoer (AGC) 


J 1 , 1O-MHz phase 
detector 


LON SO ea 
band-pass filter 
(special) 


JN ILS eS aes ele dbe 
attenuator 


(5A104) 


50: Ohm 
termination 


BP 2 , servo 
driven phase sh. 


(5A113) 


J 2 , 1O-MHz 
phase detector 
(54106) 


Jl LO MEN 
GlES mente), | Suaodk - 
(5A114) 


connected with 


Ref See input 
ol sere 


Brror sional. 1npus 
eure lae 


IL Wtebeatehal= 
attenuator 
(5A104) 


Ref channel LO 
ol GPC 


WOO) Teilkejothe [OMe Ite ejs 
of CPC) connected 
externally (HP Synth. ) 


lee I. Biletehiae: 
driven phase sh. 
Gove Bilas), 


Error channel LO 
et (ite 


CPC stands for Correlation Polarimeter Chassis. 


“Referes to module position in receiver [11]. 


143 





No. Receiver Device disconnected from connected with 


9 J 2 , LO-MHz J 2 , 10O-MHz Cuceus oop LO 
phase shifter phase detector Of “Ore 
(5A109) (S Aaa) 
Mimeod and J2 , AGC J3 and J4 , 10-MHz AGC output of CPC 
amplifier phase detector 
(54305) (SA406) 
mee Servo J3 and J4 , 10-MHz Servo input of CPC 
electronics phase detector in 
angle channel 
Gay NIE 7) 
le VCO search Mee Ourput. of. Cre 
input 


(HP Synthesizer) 
13 Low voltage In-lock-relay to go 


power supply on, So polarizer servo 
ean @2o inte Track 


M@mesconnection of the correlation polarimeter chassis to the 
GTS receiver system (Fig. 64) and the servo system of the 
coherent polarimeter is shown also in the blockdiagrams, 
Pee. 62 and Fig. 63. 
Pea tenal Generation 

A test transmitter generated a signal of 19.10030800 
MHz which then was multiplied by 120 to give the desired 
S-band signal. This was injected by means of two probes into 
the feed horn of the 64 meter antenna. This linearly polarized 
signal travelled down the waveguide system to the front-end 
amplifiers (maser) and in coaxial cables to the 50-MHz and 
10-MHz mixer/amplifiers. These 10-MHz signals then were fed 


into the correlation polarimeter chassis. 


144 


ae 





T YHATHOEY dO TANNVHO HZIONV OL 
SISSVHO YALSNIHNVIOd NOILVIHHYHYOO HO NOILOYNNOD 29 aansty 








Ol HOUMA 
2 WALT IN 
41 ZHA OT 
TWNOIS 
YOM 
WALTHS HOLOZLEG MATT IHW 
qSWHd aSvHa 40 ZHW OT GISdAH F< 
OT MOLVONALLY 
aad 7 
ZH 00S 
> aI 
ODV. cs cal 
OT dOOI HZINO ae 


“AGNI ZHW 0S 


145 





Y 


ATTENUATOR 


50 MHz 
AGC IF 
MIXER 


TE Dawe 
AMPLIFIER 





PETER 
AMPLIFIER 


PHASE 10 MHz IF LIMITED 
DETECTOR AMPLIFIER PaO Uae 





> REFERENCE SIGNAL 






AGC OUTPUT 
OF CHASSIS 


Figure 63 CONNECTION OF CORRELATION POLARIMETER 
CHASSIS TO REFERENCE CHANNEL OF RECEIVER 1 
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3. Adjustments 


The GTS receiver was set to operate in the linear 
amplifier region of its response. The polarizer was turned 
to O0°-position and the input amplifier in the reference 
channel of the correlation polarimeter was adjusted to give 
the standard signal level of 0.4 volt rms at the BPF outputs. 
With the polarizer at 90°-position the error channel amplifier 
Beatewas set to provide a signal at the BPF outputs of 0.4 
volt rms. 

The multipliers in both loops were calibrated properly; 
the Z,~position of the variable attenuator in the angle 
channel was used to completely attenuate the error signal, the 
Motarizer was at 45° to the calculated 2.0 volts. 

The AGC output voltage was 1.0 volt for the standard 
Signal level. 

fe AGC Test 

With the polarizer at 0°-position the AGC voltage of 
io vOltC was applied to the AGC amplifier. The gain control 
was working areoaceealey and the response times for the three 
available loop bandwidths seemed to be comparable to those 
aor the Pen locked-loop operation for which they are about 
joe 0.15, and 0.05 seconds. [11] 

Seaesceponlsc lime Of the Folarazation Tracking System 

The test transmitter delivered a strong signal. The 
Signal levels in the correlation polarimeter were adjusted to 
the 0.28 volts rms behind the band-pass filters; the polarizer 


was set to 45°. Servo voltage was 2.0 volts. On the tracking 
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memmoanad The polarizer turns towards the reference position 
(0°), overshoots and then settles down to the reference 

position. For different servo loop bandwidths the response 
times (first crossing of the reference position) have been 


measured: 


TABI <2 


RESPONSE TIMES OF POLARIZATION TRACKING SYSTEM 


Bandwidth No. Response Time 
(sec) 
1 alle 
2 93 
3 inoperative 
4 215 
5 iD 
6 3 


6. Error Signal Curve 


For a strong input signal the polarizer was turned 
teectr constant speed. The servo input voltage provided by 
the correlation polarimeter was recorded versus polarizer 
angle (Fig. 65). 

Due to the hard-limiter in the reference channel the 
servo voltage curve does not show the sinusoidal shape of 
Section III.B., since the limiter keeps the reference multi- 
plier input at a constant level, even for a decreasing 
reference signal. Now as the polarizer approaches 90° the 


error channel signal is near its maximum the reference signal 
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Geops below a certain value and the square wave behind the 
hard-limiter breaks down, but it builds up as fast with 
Sppesitve sign beyond 90°. Another possibility is that the 
SNR gets low in the reference channel and the signal is 
suppressed. 
fae lrecking of Probe Signal 

He SerVO OUGpDUL ef the correlation polarimeter 
electronics was connected to the correlation polarimeter. 
Mememeverious signal strengths — the gains in the correlation 
polarimeter were set to the standard level — the polarizer 
tracked the probe signal. The system temperature was 25° K. 
Table 3 shows the results. These are only preliminary data. 
Further the probe signal at various system temperatures (up 
to 1000° K) are necessary before final comments can be made 
about the performance of the correlation polarimeter. 
To get the very high system temperatures, the 64 meter antenna 
teieeeoe Airected close to the sun. Prior to these noise tests 
the receiver gains must be set so that saturation does not 
Seeur. 

Tracking of the telemetry carrier of a spacecraft 
by the correlation ponaimates mas GOmbevpart of the final 
moe series. 

The correlation polarimeter could be fully operation- 
al by 1974 during the German/American Project "HELIOS," a 


satellite to the far side of the sun. 


jee 





TABLE 3 


TRACKING RESULTS 


signal- BPE Servo loop Response Standard Deviation 


Strength bandwidth bandwidth Time Si Polarizer Angle 
aBm Hz sec degrees 
-160 5 #6 s eas 
-160 ee #6 3 ELS 
-165 5 #6 3 M2 peel 
-147 5) #5 On 5 0 
il: 


Tacmoiuena) strength was determined from the AGC curve 
of receiver 2 which was operating in phase-—locked-loop 
Mentiguration. Prior to these measurements both receiver 
systems were calibrated. 


12 





VII. CONCLUSION 


It was shown by means of the working model that the 
mmeery Of the correlation polarimeter is valid. 

mr actual system for the Goldstone Tracking Station 
64-meter antenna was designed and constructed. This then 
was integrated into the GTS receiver system and showed its 
eaoaoility of tracking the plane of polarization of a 
iemearily polarized test signal injected into the feed system 
Dy probes. 

A high noise test has not yet been performed. Prior to 
the use of the correlation polarimeter at high noise tempera- 
Mees the amplifier gains in the GTS receiver must be set so 
immo aburacvion cdoes not occur. Aliso test data should be 
Gaken with high noise temperature so a final check can be 
ingele versus the theory. 

The crosstalk between the two 250 Hz band-pass filters 
can be eliminated or at least significantly reduced by 
Separaving them in the chassis. 

Megditteacions of the correlation polarimeter chassis or 
development of a standard version should consider the 
following suggestions: 

As far as possible, error and reference channel compo- 
nents should be physically separated to eliminate crosstalk. 
The multipliers should be replaced by actual phase detectors 
which are passive devices so that DC drift problems would be 


minimal. The output of the correlation polarimeter chassis 


Is 





for the servo voltage should be floated from ground (i.e. 
high and low outputs) to be directly compatible with the 

GTS receiver system and to help prevent DC ground loop 
Beoolems. An ellipticity channel as provided by the coherent 


polarimeter should be included in the correlation polarimeter. 
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APPENDIX A 


COMPONENTS OF THE WORKING MODEL 


No. Description Manufacturer Model No. 


Seeeoransmitting part: 


il: Signal generator Hewlett-Packard 5105 A 
synthesizer 
and Driver 5) dL ING) 15: 
C RF amplifier Advantek ADP - 3T 
3 Attenuator Telonic TAB - HOA 
4 Dipole 


Pome receiving part: 


iL. Crossed dipole intand) Vetor Corp. 
arrangement with 
DC-servomotor 


Shaft-angle-encoder Decitrak 
2 Mixer Relcom MOE 
3 Signal generator Hewlett-Packard 608 C 


(2s local oscillator) 
4 - Trombone line General Radio Corp 874-LTL 


(as phase shifter) 


5 Amplifier Hewlett-Packard 465 A 
-"- H61 A 
- " 450 
Krohn Hite DCA - 50 
6 neeiter Allison 26 
Kicohiaw face SL0%C 


SEIDE joint atic Ie 


aus, 





No. Peseription Manufacturer Model No. 


fi Noise generator General Radio Corp 
8 Power supplies Power Design Inc 
= tS 
Power Mate Corp 
9 DC-servo amplifier iia Come rows 
10 Multiplier Teledyne Philbrick 
Nexus 


imal Integrator 


using operat. ampl. Burr Brown 
ifehslietlgla Le! 

ire iverver 
Moines Op. amp. Burr Brown 

3 Inverter 
using hae Me 


For the tests: 


uk Voltmeter, true rms Hewlett-Packard 
eC Counter, Freq. Computer Measurement 
: Corp. 
fee crip Chart recorder Moseley Autograf 
y Oscilloscope 
a Set up to measure polarization angle (see Fig. 
6 Vector Voltmeter Hewlett-Packard 
{ Phasemeter, digital Wilitron Comp. 


DG 


59008 
Hes 4s 
3240 

BP 34 D 
150 A 


HUSO 


Sie siec 


A 741 


Sal ey/Ale2) © 


A 741 


3400 A 


AN/USM 207 


(LESION 


34) 


8405 A 
SD 








APPENDIX B 


CIRCUIT DIAGRAMS OF WORKING MODEL COMPONENTS 


poown are the integrator and inverter circuits. The 


power supply connections are not drawn. 
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a) INVERTER, to invert multiplier output and 


to cancel multiplier output offset 

b) INVERTER, second input to add a Dither 
Signal 

(both used in working model) 
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APPENDIX C 


LISTING OF CIRCUIT BOARDS 


Beering from the front panel into the correlation 


mewarameter chassis the circuit boards from left to right 


(see Fig. 52) are: 


Board Number 


x 


Wat FP ww ro 


10 
ital 


1 


Cimecu.t Onebeard 

Reference channel input amplifiers 

Error channeimanpuc amplifiers 

AFC 

AGC 

Band=-pass filters with 250 Hz bandwidth (Bw) 
about the center frequency co) of 5 KHz 
Reference channel band-pass filter, BW: 5 Hz, 
ree Sy noWAn ersoqh6 lp ala) le VAne too) OOK e i. ee ez 
Reference channel band-pass filters, BW: 50 Hz 
and 125 Hasapeur f. =e 50 HZ 

Error channel band-pass filtersy; BW: 5 Hz, 
12.5 Hz, and 25 Hz about f£, = 250 Hz 

Error channel band-pass filters, BW: 50 Hz 
and: 125. HZmabour te =e NZ, 

Mi@itapli er lor aanere keep 

MutEaolier som ouvtem Voop 

Amplifiers ce hmoiwet= Loop CULDUL, 

servo input) 


4750 Hz local oscillator 


~ 
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APPENDIX D 


IDENTIFICATION OF TRIM POTS ON BOARDS 


Hhe trim pots on the circuit boards are numbered. The 


merlowing table is a summary of their functions. 


eam pot No. Value Rune & on 
1- 8, HLOD Ki zeroing of the DC offset of the 

10-14, operational 

16; amplifiers with corresponding 
numbers 

18 - 21, 

47 —- 48, 

50 rs pi, 

eee 54, 

56 - 57, 

59, 61, 64 

9 10 K DC offset adjustment of low-pass 
fave? SOM enn © sc Trew t 

15 Ome Gaim adjustment ror AFC input 

22 10 K Gain adjustment for AGC input 

23 | 20 K Frequency adjustment of reference © 
channel band-pass filter (Ref. BPF), 
BW = 5 Hz 

ou 500 inpus levelmediustment to ref. BPF, 
BW = 5 Hz 

25 20 K | Frequency adjustment of ref. BPF, 


BW = 12.5 Hz 


26 500 inom ec mad wcimeny vO ref. BPF, 
BWee dee so ez 


nga 





mom pot No. Value nime ta.On 


ef WO feeguencey=sad). Of ref. BPF, 
BW = 25 Hz 
28 500 Input level adj. to ref. BPF, 
BW = 50 Hz 
C9 oO K timegduencyuaa)]. Ol rei. BPH, 
BW = 50 Hz 
30 500 imMouG Tevetwad)s, tore. BPF, 
BW = 50 Hz 
31 AUN Heeduvemcyrad).. “Of ref... BP, 
BW = 125 Hz 
32 S019) imei evel ad) .7Go0. rei. BPH, 
BW = 125 Hz 
53) 2 On Mrequency -adsieeeor =rei. spare 
34 500 Input level adj. to ref. spare 
35 - 46 Frequency and input level adj. 


Hor error channel BPl'S, same 
order as for reference channel 


49 50 K iinipie level acdiemel error Sacha l 
Spe ay COemurle dpc ror sane r Loop 


52 50 K inputs Heveteac). of reterence 
Sen ale GOnmuny Otter “OL 
inner loop 


DD 50 K Input level adj. of error signal 
TAOUccO MUeerolaer Of Outer Loop 


58 50 K Input level adj. of reference 
Sige MOE Onmu Loo lier of. 
outer loop 


62 iL 1K Input level adj. to reference 
ith IF amplifier 


6 3 1 K Input level adj. to error channel 
4th IF amplifier 


f2 100 Adj. of center frequency of BPF 
in the 4750 Hz LO output 


"3 1G) CAiweacspweOmerme Srl in the 
4750 Hz LO output 


74 10 K Adj. of AFC threshold voltage 
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APPENDIX E 


CIRCUIT DIAGRAMS 


imiewdiagrams of the circuits realized on the boards of 
meemcoerrelation polarimeter chassis and for the working 
model are shown in Figs 68-76. 

Peme simplicity the power supply connections for the 
Smreuit COmponents are not drawn. 

ma order to make identification of the operational 
amplifiers used in these circuits possible, all amplifiers 
Se-emaumbered on the boards and these numbers are shown 


eeeeered on the diagrams. 
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APPEND ae 


WIRING DIAGRAMS 


The wiring diagrams according which all the inter- 
connection between the circuit-boards and the other:system 


components had been done are given as Figs. 77-90. 
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meme component in the error channel. Tnis error signal drives 
the feed system until theerror axis is orthogonal to the signal 
exis. 
Because the PLL has the normal”loss of lock’ problem at low 
Signal-to-noise ratios a correlation polarimeter has been 
eemopea. the PLL is replaced by a multiplier as a correlator. 
The correlation between the signal components in the reference 
peer ror channels accomplishes a detection of the error signal 
pecause both have same phase, since they are just different 
Deojeculons of the same signal vector. 

mg@eeanalysis, the investigation of the theory by means of 
esvereming model, the development of the actual correlation 
polarimeter and the test series performed are described. 
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